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To test the hypothesis that plant sterols found in the 
skin surface lipids of humans originated from diet after 
their absorption from intestine into plasma and then 
transferred to skin, we studied the 24-h excretion of 
plant sterols and cholesterol from skin and in feces in a 
hyperlipoproteinemic (type Ila) patient fed formula diets 
providing varying quantities of plant sterols (0-30 g/ 
day) and cholesterol (0-1000 g/day). Upon feeding a 
sterol-free diet, the fJ-sitosterol excretion from the skin 
decreased progressively, from about 6 mg/day to 0.08 
mg/ day by 83 days and then completely disappeared. 
With addition of plant sterols (about 30 g/day) to the 
diet, P-sitosterol reappeared in the skin surface lipids 
and rose to nearly 5 mg/ day by 6 weeks. With feeding of 
the sterol-free diet, the fecal excretion of fJ-sitosterol and 
the 2 other plant sterols decreased gradually and by 
week 4 disappeared completely from the feces and con-
tinued to b.e absent from the feces as long as the diet was 
free of plant sterols. The results demonstrated clearly 
that plant sterols which were absorbed into the plasma 
from the diet were excreted into the skin surface lipids 
after being transferred from the plasma to the skin. 
In a previous study we demonstrated for the first time the 
excretion of fJ-sitosterol, campesterol, and stigmasterol, the 
commonly found plant sterols, · through the skin of humans 
[1]. We suggested that these sterols in the skin surface lipids 
were transferred from the plasma to the skin after their a bsorp-
tion from the diet in small quantities from the intestine. We 
also suggested that the skin excretion of plant sterols as well as 
cholesterol constituted a second pathway of excretion of sterols 
from the body, fecal excretion being the primary pathway. 
Plant sterols in slightly higher amounts than normal subjects 
were also found in the skin surface lipids of two sisters with the 
newly described lipid storage disease "fJ-sitosterolemia and 
xanthomatosis" [2]. Nikkari, Schriebman, and Ahrens con-
firmed our observation in regard to the skin excretion of P-
sitosterol in humans but in much smaller amounts [3]. This 
study was designed to test the hypothesis that plant sterols in 
the skin surface lipids in humans originated from the diet after 
being absorbed from the intestine into plasma and then trans-
ferred to the skin for excretion into skin surface lipids. 
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MATERIALS AND METHODS 
The overall plan of the study was to determine the 24-h excretion of 
sterols from the skin and the sterol balance in a patient fed different 
liquid-formula diets providing zero to high amounts of plant sterols and 
cholesterol. The patient who had been studied over a long period of 
time in the Clinical Research Center of the University Hospitals was a 
64-year-old woman with type Ila hypercholesterolemia, xanthelasma, 
and mild hypertension with normal renal function. Incidentally, this 
patient was also the subject (#8) of our original study in 1972 [1]. The 
experimental protocol was explained to the patient in detail and in-
formed consent was obtained in accordance with the policies of the 
Committee on Investigations Involving Human Beings. 
Diets 
Her diets consisted exclusively of liquid formulas in which dietary 
fat contributed 40% (saturated 15%, monounsaturated 18%, and poly-
unsaturated 7%), protein 15%, and carbohyd1·ates 45% of the total 
caloric intake (about 1800 kcal a day) together with 8 g of cellulose and 
vitamin and mineral supplements to meet all nutritional requirements 
as previously published [ 4,5]. The sterol content of the cliets and the 
duration of each dietary period are given in Table I. Diet A provided 
40% of calories from fat from mixed sources, 1000 mg/ day cholesterol 
from egg yolk and 485 mg/day plant sterols. Diet B was a practically 
sterol-free diet. Stripped lard was the primary source of fat in this diet. 
Actual analysis of the diet showed that it was practically devoid of 
plant sterols (< 1.5 mg/day) and cholesterol (< 5 mg/day). Diet C, a 
high plant sterol-containing but cholesterol-free diet, was identical to 
diet B in all respects except for the inclusion of approximately 30 g 
plant sterols per day (provided as Cytellin, Eli Lilly & Co., Indianapolis, 
Indiana). Diet D provided both cholesterol and plant sterols at high 
levels and was identical to diet C except for the addition of 1000 g/day 
cholesterol from egg yolk. 
Radioactive Sterols 
[22,23-3H)-,B-Sitosterol (New England Nuclear Corp., Boston, Mas-
sachusetts) was purified by thin-layer chromatography (TLC) on tlorisil 
plate developed with heptane:ethyl ether (55:45, v/ v). The material 
that moved with the same Rr value as that of ,8-sitosterol (> 99% pure, 
Applied Sciences Labs., State College, Pennsylvania) was used. Gas-
liquid chromatographic (GLC) analysis of this material gave a single 
peak. 
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All radioactivity counting was done by liquid scintillation spectrom-
etry using 10 ml of scintillation mixture containing 4 g of 2,5,d-diphen-
yloxazole and 0.1 g of 1,4-bis-(2-phenyloxazolyl)-benzene per liter of 
toluene. 
Collection of Shin. Surface Lipids 
The 24-h skin surface lipids were collected at intervals of 7-10 days 
in each of the dietary periods as described previously [1]. Briefly, the 
subject's body surface, excluding the head and hair, was gently wiped 
clean with a towel soaked in acetone after the subject had taken a 
warm shower without soap or shampoo. For the next 24 h, she wore 
specially cleaned standard hospital white cotton pajamas, long-sleeved 
shirts, and socks which had been previously extracted 3 times with 
boiling acetone. During. the 24-h collection period the subject did not 
use any cosmetics and clid not wash any part of her body except for 
hands. Further, the clothing was secured at wrist and ankle by rubber 
bands or by tucking into the socks. The head and forehead were covered 
with an acetone-washed gauze bandage when going to bed. On the next 
morning the subject's body surface was gently wiped with acetone-
soaked sponges to collect the lipid material. Extreme care was taken to 
avoid food and fecal soiling of the clothing during the period of skin 
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TABLE I. The daily excretion of plant sterols from the shin in the different dietary periods 
Diet Duration in weeks 
Time (weeks) and no. of Plant sterols (mg/ day) 
SSL" collections 
,8-sitosterol Campesterol St igmasterol Tot.al 
A. Moderate plant sterol and 
high cholesterol" 
B. Sterol-free 
C. High plant sterol 
D. High plant sterol and choles-
terol 
" Skin surface lipids. 
4 
18 
6 
6 
3 & 4 (2) " 
1-3 (3) 
4-6 (2) 
7-9 (3) 
10-12 (5) 
13-15 (1) 
16-18 (2) 
1-3 (3) 
4- 6 (4) 
3-6 (4) 
6 The other constituents of the diets are described in the text. 
c All values are average of no. of collections shown in parentheses. 
surface lipid collection. Three sets of clothing were used throughout 
the study. The lipids were extracted from the sponges and the clothing 
worn over the 24-h period by boiling with acetone. The acetone extract 
was evaporated to a small volume and was centrifuged to remove cell 
debris, hairs, and other insoluble material. The total lipids were then 
determined by weighing, dissolved in chloroform:methanol (2:1 v/ v) , 
and made up to 100 ml with the solvent. An a liquot was used for the 
isolation and quantitation of sterols by the combined method of TLC 
and GLC [1,6]. 
GLC was equipped with a hydrogen flame ionization detector and an 
automatic digital integrator. The glass column, a 120-cm U-tube, 4 mm 
ID, was packed with Diatoport-S, 80-100 mesh (Hewlett-Packard Co., 
Palo Alto, California) coated with 3.8% SE-30 (Applied Science Labs.) . 
Temperatures of the column, detector , and flash heater were 230, 250, 
and 300°C, respectively. Helium was the carrier gas at a flow rate of 
100 ml/ min; the inlet pressure was 40 lb/ in2 • 
Skin Swface Lipid Radioactivity 
In order to obtain further evidence in regru·d to the origin of /3-
sitosterol in the skin surface lipids, the patient was fed a dose of [22,23-
"H]-{J-sitosterol, 50 days after the beginning of the sterol-free diet (diet 
B) . About 85 ,uCi of [22,23-"H]-{J-sitosterol was fed in a breakfast meal 
prepared by dissolving the isotope in 5 g stripped lard and mixing with 
the formula, which provided a total of about 400 calories, 45 g cru·bo-
hydrate, 15 g protein, and 18 g fat. This isotopic breakfast was also 
devoid of plan t sterols and cholesterol. Skin surface lipids collected at 
intervals of time following the isotopic breakfast were analyzed for 
radioac tivity in the unsaponifiable lipid fraction as described above. 
Fecal N eutral and Acidic Steroids 
Complete collection of the patient's stool was made throughout the 
study. The stools were combined into 7-day pools, homogenized with 
1:1 water, and aliquots were analyzed for plant sterols by the combined 
TLC and GLC [6,7]. 
RESULTS 
With the initiation of the sterol-free diet (diet B) , ,8-sitosterol 
excretion from the skin decreased progressively and finally 
disappeared (Table I). The ,8-sitosterol excretion remained 
similar to that in the preceding -dietary period (diet A) dw·ing 
the first 30 days after the beginning of t he sterol-free diet. By 
83 days, ,8-sitosterol excretion had decreased to 0.08 mg/ day 
and then completely disappeared from the skin surface lipid of 
the patient and remained so as long as the diet remained n·ee 
of plant sterols. Twenty days after the addition of a bout 30 g 
plant sterols per day to the patient's formula, ,8-sitosterol reap-
peared in measurable amounts in skin swface lipids. As the 
plant sterol-containing diet was continued, the excretion of ,8-
sitosterol through the skin rose to nearly 5 rug/day by the end 
of the study. The other 2 plant sterols, namely, campesterol 
and stigmasterol, followed a similar pattern. 
The daily total cholesterol excretion through the skin varied 
from 86.4-111.5 rug in the different dietary periods, which were 
not significantly different. The average daily cholesterol excre-
5.30 0.40 0.16 5.86 
6.24 0.29 0.13 6.66 
5.38 0.12 0.08 5.58 
2.08 0.14 0.01 2.23 
0.16 0 0 0.16 
0 0 0 0 
0 0 0 0 
0.47 0 0 0.47 
3.47 0.09 0.04 3.53 
4.19 0.23 0.06 4.48 
tion was 100.7 rug and constituted 4% of the daily total skin 
surface lipid excretion. 
The daily excretion of 2 other sterols, lathosterol and lanos-
terol, which are also excreted normally through the skin, ranged 
from 0.52-1.06 and 0.69-0.98 rug/ day, respectively, and did not 
differ in the different dietary periods. The daily excretion of 
total lipids &·om the skin varying from 2.08-3.45 g/day also 
remained similar in the different dietary periods. 
Twelve days after the feeding of a single dose of [22,23-3H]-
,8-sitosterol t he 3H-radioactivity in the unsaponifiable lipid frac-
tion of the skin surface lipid was measurable-309 dpm/ g lipid. 
In contrast, 2 days after the feeding of [22,23-3H]-,8-sitosterol, 
the 3H-radioactivity in the plasma was 21,247 dpm/ dl. The 3H -
radioactivity in the skin surface lipids increased to 17,856 dpm/ 
g lipid on day 22 and thereafter decreased to 7797 dpm/ g lipid 
on day 34 and 747 dpm/g on day 56 after t he feeding of [22,23-
3H]-,B-sitosterol. By 78 days, no radioactivity could be detected 
in th e unsaponifiable lipid fraction of the skin surface lipids. 
However, by day 34, the patient's plasma contained only traces 
of 3H-radioactivity (Fig 1). 
Fecal Excretion of Plant Sterols 
With the beginning of the sterol-free diet (diet B), the fecal 
excretion of plant sterols decreased to 73 rug/ day from an 
average value of 326 mg/day in the preceding dietary period 
(diet A) during which the daily plant sterol intake averaged 485 
mg/ day. By week 4 of the sterol-free diet, no plant sterols could 
be detected in the feces and continued to be absent from the 
feces as long as the diet remained free of plant sterols. Addition 
of 30 g/day of plant sterols to the diet produced a large daily 
excretion of these sterols in the feces. 
DISCUSSION 
The study demonstrated that the plant sterols that were 
absorbed &·om the diet into the plasma were transferred into 
the skin for excretion. Because there is no evidence to date that 
animal tissues synthesize plant sterols (only plants have this 
capacity) [8,9], and if ,8-sitosterol in the skin swface lipid is of 
dietary origin, then withdrawal of ,8-sitosterol from the diet 
should reduce and finally eliminate its presence in the skin 
surface lipids. With the addition of ,8-sitosterol back into the 
diet, the sterol should reappear in the skin surface lipids. This 
sequence was exactly what we fou nd in the study. After 83 days 
on the plant sterol-free diet, the skin smface lipids in the patient 
were devoid of ,8-sitosterol. With the addition of ,8-sitosterol in 
the diet, the sterol reappeared in measurable amount in the 
skin surface lipids. 
Moreover, the oral administration of [22,23-3H]-,8-sitosterol 
led to its initial recovery and ultimate disappearance &·om the 
skin surface lipids. These results also demonstrated that ,8-
sitosterol after being absorbed from the diet into the blood in 
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FIG L The radioactivity in the skin surface lipids and plasma after 
a single oral dose of [22,23-3H]-,B-sitosterol. 
the gut was transferred to the skin and eventually excreted into 
the skin surface lipids. The 3H-radioactivity in the skin surface 
lipids could be detected by 12 days after feeding the isotope 
(Fig 1) and, by mass, ,8-sitosterol was detected by 20 days after 
the addition of large amounts of plant sterols in the patient's 
diet (Table I). Thus, there is apparently a longer delay in 
appearance of ,8-sitosterol in the skin surface lipids because, in 
our previous study [1], we have observed that intravenously 
injected radioactive cholesterol appeared in the skin surface 
lipids by 7 days. The delay in appearance of ,8-sitosterol in the 
skin surface lipids, however, is in agreement with the turnover 
time of epidermal cells and thus suggests that plant sterols are 
probably incorporated only into the epidermal basal cells, 
whereas cholesterol is presumably incorporated into the epi-
dermal cells during differentiation. The accumulation of ,8-
sitosterol in the epidermal basal cells may then lead to its 
excretion in the skin surface lipids in association with dead cells 
ttu·own out by a holocrine mechanism. 
Dietary ,8-sitosterol is absorbed in only small quantities by 
most humans [8,10] except in the syndrome of ,8-sitosterolemia 
and xanthomatosis in which plant sterol absorption is consid-
erable [2,11]. The plasma radioactivity after the feeding of a 
single dose of [22,23-3H]-,B-sitosterol (Fig 1) did provide evi-
dence for some absorption of ,8-sitosterol in our patient. How-
ever, the absorption of plant sterols must have been very small 
because 6 weeks of feeding very high levels (about 24 g) of ,8-
sitosterol caused an insignificant increase in the plasma ,8-
sitosterol concentration (0.65 mg/dl on diet C which contained 
a high amount of plant sterols as compared to 0.43 mg/dl on 
diet A containing a moderate amount of plant sterols). 
With the initiation of the sterol-free diet, the fecal excretion 
of ,8-sitosterol and the 2 other plant sterols decreased gradually 
and remained so as long as the diet was free of plant sterols. 
Since ,8-sitosterol was barely detectable in the patient's plasma 
(see above) the fecal ,8-sitosterol during the first 3 weeks of the 
sterol-free diet must have been derived from the intestinal 
mucosa, or conceivably but unlikely from other tissues which 
might have sequestered ,8-sitosterol from the previous dietary 
period. In view of this point, a crucial question arises: Does the 
Vol. 80, No. 4 
failure to recover 100% 9f_,B-sitosterol in the feces in the steady 
state mean that the ,8-sitosterol is degraded in the gut [5,12], or 
does it mean that the sterol is simply sequestered in the gut 
mucosa? The latter phenomenon would then resemble the non-
ideality of Cr20 J excretion because of sequestration of this 
unabsorbable marker in the gut [13]. This possibility in regard 
to ,8-sitosterol has not received attention before. It has been 
suggested that ,8-sitosterol is an "ideal" internal standard to 
correct for degradative losses by cholesterol in sterol balance 
studies [12] . Although the degradation of cholesterol and ,8-
sitosterol during the intestinal transit was suggested some 15 
years ago [14], to date no degradation products have been 
identified. In view of this, we think that it is important to 
recognize the above possibility in regard to ,8-sitosterol's use as 
an internal standard in sterol balance studies. 
Our thanks to Mrs. Darlene Braun for her expert technical assistan ce 
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Correction 
The dates of the 4th CIRD Symposium announced in the February 1983 issue should have been given as October 
21-23, 1983. 
